Formation of Permeability Barrier in Epidermal Organotypic Culture for Studies on Drug Transport
To the Editor:
Cadaver skin has been used in drug transport studies but its limited availability and large variation between specimens have increased interest in organotypic culture models with permeability characteristics resembling that in native skin. Other bene®ts of live organotypic cultures include their metabolic activity, which affects the permeability of some drugs (Kao and Hall, 1987) , and their potential for research on irritation, toxicity, and keratinocyte differentiation (Slivka et al, 1993; Vicanova et al, 1998; Boelsma et al, 2000) ; however, culture models with barrier properties comparable of human skin and yet suitable for simple, large-scale research such as permeability tests of topically applied drugs and their vehicles, have not been established (Ernesti et al, 1992; Nolte et al, 1993; Regnier et al, 1993) .
A keratinocyte cell line derived from newborn rat skin (rat epidermal keratinocyte; REK) retains its ability to form strati®ed cultures with basal, spinous, and granular cells, and multiple orthokeratinized layers of corneocytes when grown at the air± liquid interface on collagen gel inserts (MacCallum and Lillie, 1990; Tammi et al, 2000) . We explored whether the naturally high differentiation potential of REK cultures could be developed into a model of epidermal permeability barrier research.
To prepare the supports for differentiating cultures, type I collagen (from rat tail, Becton Dickinson Labware, Bedford, MA) was mixed with Earle's balanced salt solution (10 Q EBSS, Life Technologies, Paisley, Scotland), 7.5% sodium bicarbonate (Life Technologies), and 1 M sodium hydroxide solution, at a volume ratio of 8:1:0.3:0.2, respectively, on an ice bath. The collagen solution (800 mL) was pipetted onto 24 mm diameter tissue culture inserts (3. 0 mm pore size; Transwell â , Costar, Cambridge, MA) and incubated overnight at 37°C in a humidi®ed atmosphere. The inserts covered by a gel composed of reconstituted native collagen ®brils were washed with the culture medium before use. Recently con¯uent stock cultures of REK with no morphologic evidence of strati®cation were trypsinized and 300 000 cells in 2 ml Dulbecco's modi®ed Eagles medium (4500 mg per L glucose) (Life Technologies) were applied to the collagen mats on the culture inserts. After 3 d with culture medium present both in the well beneath the insert as well as on the surface of the cells, the upper medium was removed and the amount of the lower medium (~1.5 ml) was adjusted to the level of the collagen gels. New medium with a supplement of 40 mg per ml L-ascorbic acid (Sigma, St. Louis, MO) was changed every 2 d for the ®rst week and daily thereafter.
For light microscopy, cultures were ®xed with Histochoice â ( post®xed in 0.4% ruthenium tetroxide with 0.2% aqueous potassium ferrocyanide for 2 h at 4°C. The specimens were then dehydrated in graded ethanol and propylene oxide before embedding in Epon. Ultrathin sections were stained with uranyl acetate and lead citrate.
In permeability studies, the cadaver skin samples or organotypic cultures were clamped between 3 ml phosphate-buffered saline-®lled, stirred, thermostatted (37°C) chambers of a diffusion cell apparatus (Side-Bi-Side, Crown Glass Company, Somerville, NJ) with an effective diffusional area of 0.64 cm 2 . Tritiated corticosterone or mannitol (NEN Life Science Products, Boston, MA) 20 000±40 000 dpm per 10 mL was added to the donor chamber. Aliquots were withdrawn at predetermined time intervals from both chambers, counted for radioactivity, and replaced with phosphate-buffered saline to maintain a constant volume. Experiments were continued long enough to ensure that the steady-state phase was attained. The permeability coef®cients (P, cm per s) for the probe permeants were calculated at steady state under sink conditions by dividing the steady-state¯ux (dpm per s cm 2 ) through the skin by the concentration of the test substance (dpm per cm 3 ) in the donor phase. The transepidermal water loss (TEWL) (g m 2 per h) was measured by using a Del®n-SWL system (Del®n Technologies Oy, Kuopio, Finland). In this system, sensors inside the evaporimeter probehead measure the increasing humidity of the air inside the probehead that is kept in contact with the culture surface or skin for 1 min. The cultures were allowed to equilibrate with ambient air for 1 h at room temperature before the measurement, which was carried out at 21±23°C. Control values of TEWL of normal human skin were obtained from the forearm of nine healthy Caucasian people (aged from 18 to 42).
By 3 wk on collagen at the air±liquid interface, the cultures showed complete morphologic differentiation of the epidermis, including cuboidal basal cells, 1±2 spinous cell layers, granular cells with numerous keratohyalin granules, and a well-developed stratum corneum displaying the typical``basketweave'' separation of corneocytes when embedded in paraf®n (Fig 1a) . Immunohistologic studies revealed the regular presence and localization of differentiation markers keratin 10, involucrin, and ®laggrin (data not shown). The light microscopic structure stayed similar for at least 6 wk, except that the height of the corni®ed layer increased continuously.
The epidermal barrier function, critically dependent on proper arrangement of the intercellular SC lipids (Elias and Menon, 1991; Bouwstra et al, 1996) , was speci®cally studied by electron microscopy of ruthenium tetroxide post®xed cultures. At 3 wk, the upper, vital keratinocytes showed a number of lamellar bodies with a regular internal stacking organization (Fig 1b) . At the interface between the live epidermis and the stratum corneum the lamellar bodies fused with the plasma membrane and extruded their contents into the intercellular space (Fig 1c) . The secreted lipid stacks were subsequently transformed into lamellar lipid layers with a typical repeating pattern of alternating electron dense and electron lucent bands (Fig 1d) (Landmann, 1986; Madison et al, 1987; Swartzendruber et al, 1989) .
These structural features, similar to those in normal human skin, prompted us to study the barrier function of organotypic REK cultures by measuring the transepidermal water loss (TEWL) and the permeability for corticosterone, a frequently used indicator substance. TEWL was relatively high in 1-wk-old cultures ( Table I) but was reduced to 24% of that at 2 wk, and did not signi®cantly change thereafter ( Table I) . The permeability of corticosterone was high at 1 wk, but was considerably reduced by 2 and 3 wk ( Table I) . At 3 wk the corticosterone permeability reached a value close to normal human cadaver skin ( Table I) .
Prolongation of the culturing time up to 6 wk did not cause further change in the corticosterone permeation (data not shown). For comparison, we also measured the permeability of mannitol, a tracer more polar than corticosterone. Like TEWL, it showed permeation values close to, but somewhat higher than those of normal cadaver skin (Table I) . Furthermore, we have preliminary data to suggest that REK cultures can predict the human skin permeability of a number of other drugs and chemicals. The permeability in REK cultures corresponds to those of a human skin equivalent model (Asbill et al, 2000) . The convenience of a continuous cell line, independent of ®broblast support, makes REK organotypic cultures an easily maintained and reproducible model for studies on transepidermal barrier function, with permeation values close to normal human skin. Mutation of p53 tumor suppressor gene is considered to be a frequent early event in nonmelanoma skin cancer (NMSC) development. NMSC includes basal cell carcinoma (BCC) and squamous cell carcinoma (SCC). Up to 40% of patients with NMSC develop a second primary tumor; however, recognition of this individual risk is currently impossible. UV irradiation is the major carcinogen for NMSC. Chronically sun-exposed epidermis harbors numerous mutated p53 clones that are detected as p53 patches by immunohistochemistry (Jonason et al, 1996; Ren et al, 1996) . But whether they are precancerous remains open to debate. We hypothesized that if p53 patches are precancerous lesions, their prevalence would increase with the number of NMSC and could serve as an individual risk marker for tumor development. In a retrospective study of 250 cases (1996±98, Hospital St-Louis, Paris, France) we scoped the presence or absence of p53 patches in 6±8 sections of normal peritumoral skin in patients treated for excision of NMSC on chronically sun-exposed skin (i.e., face, neck, and hands).
Patients were sorted into a solitary (no previous history of NMSC) or multiple group (two or more NMSC, simultaneous or successive). For each group the number of patients was 125 and the median age 71. For the solitary NMSC group, ages ranged from 26 to 97, male gender was 66%, and there was BCC in 93 patients (74%) and SCC in 32 (26%). For the multiple NMSC group, ages ranged from 32 to 100, male gender was 72%, and there was BCC in 106 patients (85%) and SCC in 19 (15%). Skin samples ®xed in 10% formalin were deparaf®nized and stained after antigen retrieval in a microwave oven 15 mn, at 450 W, in tris buffer pH 7.3, using monoclonal antibody D-O7 (Dako, code M7001, Denmark), with the avidin-biotin-coupled immunoperoxidase staining method and diaminobenzidine. P53 patches are de®ned as a well-demarcated compact pattern of strong immunostaining of basal and suprabasal keratinocytes nuclei in nondysplastic nontumoral epidermis (Fig 1) . Mayer's hematoxylin was used for counterstaining. All slides were blind scoped for the presence of p53 patches by three independent observers (FP, AJ, NBS). Fisher's exact test was used to compare percentages between groups. Two sided tests were computed, and p values of 0.05 or less were considered statistically signi®cant (SAS software, SAS Institute, Cary, NC).
There was no signi®cant difference between the prevalence of p53 patches of solitary versus multiple NMSC groups (66% vs 70%, respectively, p = 0.59), neither was there a signi®cant difference between the prevalence of p53 patches in the different age groups ( Table I) . 
